Current studies lack a consensus and related rationale on how to describe these conditions. This study was based on the concepts that (1) 
particles. After the detachment and entrainment of the particles, the flowing water must have enough energy to transport these soil particles if a rill is to form. Detachment of the particles is a crucial step in soil surface erosion.
The critical conditions for rill formation have been the focus of many researchers. The idea of a rill formation threshold condition was first conceptualized by Horton (1945) and later by Schumm (1956) , who respectively used the concepts of "the belt of no erosion" and "constant of channel maintenance" to describe the length of slope above the point of rill initiation. Ellison and Ellison (1947) and Schumm (1956) advanced understanding of the threshold conditions for incipient rilling and suggested that these conditions could be defined more quantitatively. The threshold for incipient rilling was defined by Kirkby (1978) as "when duration of runoff exceeds this point in time, rill processes will dominate over inter-rill processes and rill initiation may take place." Torri et al. (1987) set a criterion to define the rill formation as when an incised channel is at least 5 cm long, 0.5 cm deep, and 1 to 2 cm wide. Continuous development of the rill after its initiation depends upon the flow pattern and the morphological evolution of the rills. Rill pattern and evolution are not independent (Nearing et al., 1991a) . During the rill formation process, incised rill channels are formed as the result of detachment and transport of soil particles by the flowing water. Such channels function as both sediment source areas and sediment transport conduits on hills. Numerous studies have been conducted to explore the mechanisms of the rill formation process. Most of these studies, however, are related to rill development after incision (Lyle and Smerdon, 1965; Moss et al., 1980; Foster, 1982; Rose, 1985; Govers and Rauws, 1986; Elliot, 1988; Nearing et al., 1989 Nearing et al., , 1991a Nearing et al., , 1991b Morgan et al., 1992; Shainberg et al., 1994; Morgan, 1995; Nearing et al., 1997) . Few studies have focused on slope steepness and how it affects rill formation. Foster (1975) carried out a study S relating shear on an eroding rill to slope steepness and discharge, but did not include erosion in the study. Elliot et al. (1990) found that slope steepness was associated with critical shear for rill formation, but the study had only a single slope for a given soil, so they were unable to determine if differences in critical shear were due to soil properties or to the hydraulic properties of the runoff.
Better understanding is needed for determining the critical conditions for rill formation. Most of the previously reported research on rill formation was performed on small plots, and the erosion process was observed for a single rill. Studies with larger plots that allow for observations with groups of rills may lead to more generalized conclusions as to how and under what conditions rills initially form on a hillslope. The purpose of this study was to better understand the process of rill formation. This study was based on the concept that: (1) the shear stress available for erosion at any given point is a function of the runoff rate, the slope steepness, and hydraulic characteristics of the surface; (2) rill incision begins when overland flow reaches and exceeds soil critical shear stress; and (3) the distance from the top of the slope to the point where rills form can be measured and analyzed and decreases with increase in slope and rainfall intensity. To verify these concepts, a study was carried out using a large indoor tilting runoff plot with simulated rainfall.
MATERIAL AND METHODS

EXPERIMENTAL SETUP
The experiment was conducted in the Key Laboratory of Soil Erosion and Dry Land Farming on the Loess Plateau, Institute of Soil and Water Conservation, Chinese Academy of Sciences, Yangling, Shaanxi, China. A large runoff plot (8 × 3 m) was used with a rainfall simulator ( fig. 1 ). The plot rested on a platform that was adjustable for slopes ranging from 0% to 57.7%. Rulers were fixed on the metal borders of the plot, and the entire plot surface was divided into 24 blocks (1 m 2 each) using fine thread suspended about 5 cm over the plot in order to aid in measuring the position of rill initiation during the experiment.
The plot was initially prepared in a horizontal position. A 20 cm layer of sand was uniformly placed in the bottom of the plot box; drainage holes in the bottom provided free drainage. On the top of the sand layer, a silty-clay (loess) soil was packed loosely and evenly to a depth of 30 cm. The soil texture was 8% clay (<0.002 mm), 68% silt (0.002 to 0.05 mm), and 24% sand (0.05 to 2 mm) as defined by the USDA classification system. The soil was obtained from the root layer (top 50 cm) of a cultivated field located in the Loess Plateau area in northwestern China. After being transported from the field to the experimental site, the soil was air-dried and crushed. The clods in the soil were broken up, and the soil was sieved with a 10 mm screen. The soil was packed in the plot to a bulk density of 1.15 g cm -3 . During the packing process, a static weight method was used to pack the soil uniformly in the box. After packing, the soil surface was smoothed manually with a rake. Following the soil preparation, simulated rainfall was applied for 30 min at 30 mm h -1 intensity. After the initial rainfall, the packed soil was saturated and allowed to equilibrate for at least 24 h while the plot remained in a horizontal position to ensure a uniform and homogeneous initial soil moisture profile.
The rainfall simulation system provided rainfall intensities ranging from 25 to 200 mm h -1 over an effective simulation area of 13 × 15 m. The nozzle height of 18 m ensured that the raindrops would reach terminal velocity on the highest point of the plot. Whenever the rainfall intensity was changed, the new intensity was verified with 42 rain gauges distributed evenly within the rainfall simulation area. Uniformity of rainfall intensity was considered acceptable when 90% of the rain gauge measurements were within ±3% of the targeted rainfall intensity.
TREATMENTS
The treatments included five slopes (8.75%, 17.63%, 26.79%, 36.40%, and 46.63%), each with three levels of rainfall intensity (50, 100, and 150 mm h -1 ), for a total of 15 treatments (table 1). These ranges for the slope and rainfall intensity were selected to cover the storm and field conditions observed in the Loess Plateau Area. 
EXPERIMENTAL PROCEDURE
Each test was conducted 24 h after the initial rainfall and prewetting following the soil preparation. The starting time of the simulated rainfall, the time when runoff reached the outlet of the plot, and the time when rill initiation occurred were recorded. In each experiment, sediment samples together with runoff were taken every minute for about 1 h after the start of runoff. Discharge was measured every minute by collecting the runoff from the outlet gutter at the lower end of the plot ( fig. 1 ) with a bucket. Runoff volumes were determined by weighing each bucket. To separate the suspended sediments from water in the samples, the buckets containing the runoff samples were allowed to settle overnight. The buckets were weighed before and after decanting the water. The remaining water and sediment were transferred into containers that were dried in ovens at 105°C for at least 24 h, or until the samples were completely dry. The mass of the sediment was then measured and used to calculate sediment concentration.
Flow velocity was measured visually with a dye-tracing technique (potassium permanganate) using a stopwatch to record the time required for the dye to travel a given distance (Nearing, 1991; Nearing et al., 1997; McIsaac et al., 1992) . A modification to the technique was made to facilitate measurement of the local velocity in addition to the average velocity along the entire plot. When a rill appeared, the position of the rill incision was recorded. A 0.5 m ruler was then positioned so that the middle point of the ruler matched the incision point. The dye was applied at the upslope end of the hand-held ruler; and the time taken for the dye to travel the entire ruler length was recorded. This method was used to estimate the velocity where each rill appeared. Several measurements were made for each rill, and average values of all rills were used in the analysis. At the same time, the distance from the top of the plot to the point of initiation was measured; the median distance of all rills in a test was used in subsequent calculations as length to rill initiation. Other observations made during and after the experiments included photographing the rill formation pattern and video-recording the change in rill morphology.
DATA ANALYSIS TERMINOLOGY FOR ANALYSES
The critical point of rill incision is a small pit that appears on the plot during the test and that later develops into a rill. The critical conditions of rill incision should be related to hydraulic parameters of the surface water flow. When the overland flow reaches a critical point, the point at which the soil particles lose the ability to remain in place and are detached by the flowing water, a rill starts to form. Two important hydraulic parameters of the flowing water at rill initiation may be the shear stress and velocity. At the point of rill initiation, the values of these two parameters can be defined as t i and V i , respectively. Soil critical shear stress (t c ) is a soil property that can be estimated by assuming it is the same as the shear stress (t i ) of the overland flow at the point of rill initiation. In reality, the shear stress (t i ) of flowing water at the point of rill initiation is greater than but very close to soil critical shear stress (t c ) because soil detachment has already occurred when the values related to the rill initiation are measured in the experimental run. In this article, t i refers to the shear stress of the flow, t c refers to soil critical shear, and they have the same values for a given test. Slope length to rill initiation (L i ) is defined as the distance from the top of the plot to the point where a rill began to form. Figure 2 shows the basis for the development of the critical shear analysis using the following equations. For near-steady state conditions, unit overland flow discharge (q) at a horizontal distance (x) from the divide (top of plot) can be calculated from equation 1 (Bryan, 1989) :
SOIL CRITICAL SHEAR ANALYSIS
R (runoff) is defined as:
where P is the rainfall rate, and I is the mean infiltration rate. Combining equations 1 and 2 and accounting for the slope of the plot leads to:
where a is the slope angle, and l is the distance from the top to any point on the hillslope. Assuming that the runoff rate has a linear distribution with distance down the plot, as shown in equations 1 and 3, leads to:
where q i is the unit flow discharge at the point of rill initiation, L i is the distance from the top to the point of rill initiation on the hillslope, L is the plot length (8 m), and q is the observed plot runoff. The continuity equation for a unit flow width is: where h i is the mean depth of flow at the point of rill initiation, q i is the unit flow at rill initiation (calculated from eq. 4), and v i is the velocity measured at the point of rill initiation. Flow depth (h i ) at rill initiation is derived by solving equation 5. Depth h i can be used to determine the hydraulic shear at the point of rill initiation from equation 6:
RESULTS AND DISCUSSION Figure 3 shows multiple rills formed in each experimental run. In this figure, all pictures in the same row had the same rainfall intensity. The three rows in top to bottom sequence represent three different rainfall intensities: 50, 100, and 150 mm h -1 , respectively. Similarly, all pictures in the same column had the same slope. Consequently, the five columns represent five different slopes: 8.75%, 17.63%, 26.79%, 36.40%, and 46.63%, respectively. During the experiment, when a rill initiation point was observed, the distance from the top of the plot to the point of initiation was measured. The average of all the observations for a given experiment was calculated as slope length to rill initiation. It can be seen from figure 3 that, as a general trend, when the slope increased (from left to right in the same row), the slope length to rill initiation decreased. The same trend can be observed as the rainfall intensity increased (from top to bottom in the same column). Figure 3 also shows that the rills in the same test had similar slope lengths to initiation. It should be noted that the upper ends of the rills in the pictures were not the exact position of rill initiation during the experiment due to headcutting that occurred following rill formation. However, these positions shown in the picture provide an illustration of the variability associated with rill formation. During each test, the surface runoff that was available to initiate rill formation at the upstream end of the rills was limited, so the upward movement of rill headcut from the rill incision point was not significant compared with the development of the rills downslope of the point of rill initiation. Table 2 shows the slope lengths, flow rates, velocities, and depths at the points of rill initiation. Figure 4 shows the relationship between velocity at rill initiation and slope steepness. The velocity, measured as an average at the point of rill incision, increased with increasing slope. In table 2 and figure 4, the average velocities were observed as almost the same at the point of rill initiation under different rainfall intensities for the same slope. As shown in table 2, the measured average velocity at rill initiation ranged from 3.2 to 5.2 cm s -1 .
RILL FORMATION PATTERN
VELOCITY AT RILL INITIATION
SLOPE LENGTH TO RILL INITIATION
Slope length to rill initiation (L i ) values are presented in table 2 and figure 5. Once soil critical shear was exceeded, rills developed. Figure 5 shows that slope length to initation decreased with increasing slope, as well as with increasing rainfall intensity. The results are summarized graphically in figure 6 , in which the positions of rill initiation at different rainfall intensities are described by a series of lines connecting various slopes. In figure 6 , each dashed line that crosses a slope line represents a rill incision point. The numbers with each point correspond to the test numbers presented in table 1. Figure 6 illustrates how the slope length (L i ) was affected by rainfall intensity and slope steepness.
Change Rate of L i in Response to Steepness and Runoff Rate
It may be useful to determine what is more sensitive in soil erosion: slope steepness or rainfall intensity. Figure 6 showed intuitively and table 2 showed quantitatively that the degree of change in slope length to rill initiation was different between slope and rainfall intensity, and that the change rate due to the slope was more than that due to rainfall intensity within the range of this experiment. This can be more clearly demonstrated using the relative change rate, defined as:
where r is the change rate (%) of slope length to rill initiation, D L i is the change range of slope length to initiation (from 8.75% to 46.63% slope in different rainfall intensities or from 50 to 150 mm h -1 rainfall intensity in different slopes), and L 0 is slope length to rill initiation of 8.75% slope in different rainfall intensities or that of 50 mm h -1 rainfall intensity in different slopes. The results from this sensitivity analysis are given in table 3. The slope length to rill initiation has a greater sensitivity to slope than to rainfall intensity. The results in table 3 show that the impact of slope steepness on slope length to rill iniation (L i ) is more significant than that of rainfall intensity: 65.7% versus 21.2% within the range tested. Table 2 presents the slope length to rill initiation, flow depth, and soil critical shear for each test. The results indicated that in this study the soil critical shear stress ranged from 1.33 to 2.63 Pa, with an average of 1.94 Pa. Table 2 and figure 7 show that values of soil critical shear stress were lower for the steeper slopes. A trend line added to figure 7 for the 50 mm h -1 rainfall indicates a high correlation. Figure 7 indicates that gravitational forces may be contributing to rill formation as well as the hydraulic force for steeper slopes. The observed hydraulic shear at the lower slope better estimates the soil critical shear than the values at steeper slopes because of the influence of gravitational forces. These results can be compared to results found by others on silt loam soils. Two of the 30 soil types studied by Laflen et al. (1991) had similar texture to the soil used in this study. These two types of soil were Nansene (from Whitman County, Washington; 20.1% sand, 68.8% silt, and 11.1% clay) and Portneuf (from Twin Falls, Idaho; 21.5% sand, 67.4% silt, and 11.1% clay), respectively. Laflen et al. (1991) calculated the critical shear values on these soils to be 3.05 and 3.11 Pa, respectively. Using a different method of analysis, Gilley et al. (1993) determined that the soil shear stress values for the two soils were 3.58 and 4.30 Pa, respectively. The steepness of the plots in the studies of Laflen et al. (1991) and Gilley et al. (1993) were only 6.10% and 5.57%, respectively. The values of critical shear in table 2 for the 8.75% plot slope ranged from 2.54 to 2.63 Pa, similar to the values found by Laflen et al. (1991) and Gilley et al. (1993) . This decrease in critical shear with slope is different from the results of Elliot et al. (1990) , who found that soil formed on steeper slopes tended to exhibit higher critical shear values. In this study, however, the same soil was used for all slopes.
SOIL CRITICAL SHEAR STRESS
COMPARISON WITH OTHER REPORTS
The results of this study are comparable with some other investigations conducted under various conditions. Table 4 summarizes the comparisons in terms of experimental setup, critical shear stress, and flow velocity. Despite differences in soil type, plot size, and methodologies, the critical shear stress values obtained in this study were either within the range of that of the other reports, or in the same order of magnitude. For example, Laflen et al. (1991) studied 56 soil types and reported a shear stress range from 0.00 to 6.64 Pa. Gilley et al. (1993) studied 30 soil types and used the same data set as Laflen et al. (1991) but a different calculation method and obtained a shear stress range from 1.73 to 10.60 Pa. These values were consistent with the results of this study (1.33 to 2.63 Pa). Few of the studies reported flow velocity. Large discrepancies existed among those that did report flow velocity. Nearing (1991) used Russell silt loam soil with rill Govers (1985) and Govers and Rauws (1986) Critical shear velocities: 3 to 3.5 flow velocities of 50.00 to 100.00 cm s -1 ; Wu (1997) , using a silty-clay (loess) soil similar to that used in this study but with different texture, determined rill flow velocity as 5.0 to 16.0 cm s -1 . The flow velocities in the Gilley et al. (1993) and Laflen et al. (1991) studies were 20 to 50 cm s -1 , with a velocity at rill initiation of less than 20 cm s -1 in the rills (Elliot et al., 1989) . The rill flow velocities in the above three studies were rill velocity measured after rill development. In this study, flow velocity at rill initiation was determined as 3.4 to 5.0 cm s -1 , which was measured on overland sheet flow when rill incision appeared. Typically, after rill formation, the rill flow concentrated more, leading to a rill flow velocity that was higher than that of sheet flow under critical condition.
CONCLUSIONS
The following conclusions can be drawn from this study: S Rainfall intensity and slope steepness both affected the distance from the top of the plot to the point of rill initiation, and the velocity at rill initiation. S The slope length to rill initiation observed in the study ranged from 1.93 to 6.81 m. The value had a decreasing trend with respect to slope and rainfall intensity. The impact of slope on slope length to rill initiation was more significant than that of rainfall intensity.
S The average measured flow velocity at rill initiation ranged from 3.2 to 5.2 cm s -1 . S Soil critical shear stress determined in this study for a silty-clay soil ranged from 1.33 to 2.63 Pa, with an average of 1.94 Pa. S Soil critical shear stress varied inversely with slope, lilely as the influence of gravitational forces at steeper slopes. S The results of this study were comparable with those of previous investigators. More research is needed to better understand the force and energy involved in soil particle detachment, entrainment, and transport during the rill formation process.
